Abstract: Narrow linewidth terahertz (THz) generation based on difference frequency generation pumped by an all-fiber parametric light source is reported. A pulse source with an ultra-narrow bandwidth is built up as the pump seed source for the succeeding optical parametric amplification (OPA). A pair of phase-conjugated beams is generated as the seed light through all-fiber OPA. The amplified phase-conjugated light beams are injected into 4-N,N-dimethylamino-4′-N′-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS) to stimulate the emission of terahertz radiation. A THz source with linewidth less than 512 MHz at 1.748 THz pumped by an all-fiber light source is achieved.
Introduction
The electromagnetic spectrum is a critical natural resource that has an extensive impact on modern civilization. The spectral resources have been explored intensively from the traditional radio wave to optical frequency. Nowadays, the frequency spectrum become very limited and crowded [1] . However, the terahertz (THz) band with frequency located between the radio and optical wave has yet to be fully developed [2] . The THz is often described as the last frontier of the electromagnetic spectrum because of the relatively low maturity level of components and systems that can operate in this region [3] . The effective generation of terahertz wave has still been a challenge up until now, compared with the situations in radio and optical frequency, in which compact and steady source with customized output power can be obtained in commercial level [2] . The radiation source in terahertz frequency range of 0.3-10 THz with low cost and compact size is still the principal challenge that needs to be overcome urgently. The terahertz generation based on electronic method can provide compact source with high signal-to-noise ratio. However, the resulted frequency is limited, usually lower than 1.3 THz up until now [4] . As a comparison, terahertz generation through optical method can cover nearly the entire THz gap [5] , [6] . The traditional THz sources based on optical method rely on bulky and expensive solid state laser source. For example, THz pulses with wide spectral profile are generated when a photoconductive (PC) antenna is illuminated by a Ti: sapphire laser [7] . In another method, high power and scalable THz radiation can be obtained when ammonia gas is irradiated by a bulky carbon dioxide infrared [8] . These kinds of THz sources are well adapted to the laboratory environment, but the practical applications require the use of a kind of compact and cost-effective terahertz source. Based on this point, the adoption of a cost-effective all-fiber laser pump source for terahertz generation is considered as a true milestone [9] .
Among a variety of optical method, optical difference frequency generation is a promising technique for the realization of widely tunable, narrow-bandwidth terahertz radiation [10] - [15] . The difference frequency process is happened via a nonlinear crystal illuminated by a dualwavelength laser or simply two light beams from two lasers. For example, a GaSe crystal is illuminated by pump lights from two fiber lasers simultaneously Q switched via a single piezo to generate terahertz wave with a linewidth about 35 MHz [11] . In another scheme, a terahertz wave with the linewidth less than 100 kHz is generated based on difference frequency generation with a nonlinear crystal located inside a free-space optical enhancement cavity of verticalexternal-cavity source-emitting lasers [14] . The terahertz range is limited by the gain bandwidth of the gain medium of pump laser via this method. Thus, light source with ultra-wide wavelength tunable range is significative for the wide band tunable terahertz generation with the method of difference frequency generation. Fiber optical parametric amplification (FOPA) has demonstrated ultra-broad gain bandwidth and high gain [16] . The four wave mixing (FWM) process in optical fibers, can produce phase-conjugated signal and idler photons which is correlated in quantum sense [17] . The generated signal and idler photons pair in this process satisfy high coherence and can be used for the perfect seed source for the difference frequency generation. We have investigated the fiber optical parametric amplification and oscillators intensively which demonstrate that it is convenient to obtain phase-conjugated signal and idler light pair with flexible wavelength separation [18] - [21] . In this paper, we propose a terahertz source from the difference frequency generation pumped by an all-fiber parametric light sources based on FOPA.
The schematic diagram of the experimental setup is shown in Fig. 1 . An ultra-narrowband, passively mode-locked fiber laser is built up as the seed source of pump for the subsequent FOPA process. A semiconductor saturable absorber mirrors (SESAM) is used as the mode locker inside the cavity. Its spectral and temporal characteristics are critical to the ultimate terahertz quality. A narrow spectral pump source is preferred to generate narrow linewidth terahertz wave. However, mode-locked fiber lasers are traditionally featured as a broad band spectral profile [22] . Here, a fiber Bragg grating (FBG) with ultra-narrow bandwidth is a critical device inside the laser cavity to restrain the oscillating bandwidth. The FBG is fabricated via the phase mask technique. An ultraviolet (UV) photosensitive single mode fiber is placed as closed as possible to the phase mask mounted on a piezoelectric transducer platform. When a continuouswave UV laser beam at the wavelength of 244 nm from an argon ion frequency doubling laser exploit the phase mask, the zero-order diffraction light from the opposite side leads to a period perturbation of the axial refractive index of photosensitive fiber. The UV laser beam can scan the fiber along its axial direction by shifting piezoelectric transducer platform step by step with the precision of 100 nm. Theoretically, smaller grating strength is needed to compress the bandwidth, however, longer FBG length is necessary to ensure high reflectivity. Conventional uniform FBGs are with a length of several centimeters which cannot satisfy our requirement. Thus as a tradeoff, we design a special uniform FBG that has a very small grating strength and a suitable length. The finished FBG's length is 14 cm. The reflected spectrum is shown in Fig. 2 . The measured bandwidth of reflection spectrum is 0.01 nm. To obtain enough number of longitudinal modes that oscillates in such a narrow bandwidth in the mode-locked fiber laser, long cavity length is needed so as to compress the longitudinal mode spacing to several megahertz. And the long cavity length leads to very low repetition rate. At the same time, a careful intra-cavity dispersion management is used to ensure the stable mode locking operation. The optical spectrum of the generated pulse train is shown in Fig. 3(a) . Its center wavelength is 1549.9 nm. The fine spectrum is measured by heterodyne method with a bandwidth of only 512 MHz as shown in Fig. 3(b) . The waveform of single pulse is measured by a real-time oscilloscope as shown in Fig. 3(c) . The pulse width is 690 ps. The waveform of pulse train is shown in Fig. 3(d) and its repetition rate is 3.175 MHz. Subsequently, the seed pulse train is amplified by an Erbium-doped fiber amplifier (EDFA) to act as the pump for OPA. A two stage four wave mixing (FWM) process is used later to generate the phase conjugated light pair. Specifically, a continuous wave (CW) signal light with shorter wavelength is coupled into 400-m dispersion-shifted fiber (DSF) with the pump pulse train via a wavelength division multiplexing (WDM2) coupler. Due to the OPA process, the signal light is amplified and the corresponding idler i_1 a longer wavelength is newly generated, as shown in Fig. 4(a) . However, the optical components of the amplified signal s_1 include the amplified pulse and the initial CW light component, and the corresponding idler i_1 includes only the pure pulse, and the idler wavelength has a phase conjugated relationship with the original signal wavelength [15] . However, any CW light component in the eventual high power amplification would consume considerable pump power, however, make no contribution to the difference frequency process due to low peak power. Hence, the first stage four wave mixing process is needed so as to generate the pure pulse train at idler wavelength. A WDM coupler (WDM3) is used to extract the pulse train at the idler wavelength i_1. The pure pulse idler i_1 is combined with the additional 50% pump and co-propagate in the second section DSF. Here, 400-m DSF is chosen. Since the pump pulse train has a relatively high peak power, longer length of DSF would introduce other nonlinear phenomena, such as self-phase modulation, besides the four wave mixing. And these phenomena would broaden the bandwidth of the amplified pulse train. The pump pulse should be synchronized with the idler pulse by adjusting the optical delay line (ODL) in pump branch. This stage can get amplified idler i_2 and the corresponding signal s_2 as shown in Fig. 4(b) . The second stage of four wave mixing process generates the signal and idler sidebands both with the pure pulse, but not any CW light components. The residual pump is filtered out while the signal and idler are preserved via WDM5. Fig. 4(c) shows the spectrum of signal and idler pair with the residual pump rejected.
The next step is that the signal and idler pulse train are separated into two branches via WDM6. The signal and idler are amplified in respective branch and the idler is delayed for synchronization. The signal is amplified to be 16 dBm, while the idler is amplified to be 5 dBm. Then the two branches are combined again via WDM7 and amplified by a high power EDFA. Due to the sufficient input power for the signal, the signal light is amplified by the high power EDFA primarily. The light guided inside the optical fiber is converted into a collimated beam in free space via a collimator. The high power signal and idler are incident on an organic crystal, 4-N,N-dimethylamino-4′-N′-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS) from Rainbow Photonics and stimulate the difference frequency process. The pump beam transmits through the DSTMS crystal and simultaneously, the newly generated terahertz wave propagates in the same direction, but with larger angle of divergence. A parabolic mirror with a through hole is placed after DSTMS. The residual pump transmits through the hole and is collected by a beam trap. The reflected terahertz wave is focused by the second parabolic mirror and detected by a Golay cell. Here, a Golay cell with black high density polyethylene (HDPE) filter placed directly behind the terahertz generator (DSTMS) is used for detecting the terahertz. The HDPE plate allows terahertz wave to transmit with low loss and blocks any light beam [23] .
The wavelength of the signal can be tuned so as to adjust the frequency of the generated terahertz wave. Specifically, the CW signal light can be set with different wavelength to investigate the evolution of generated terahertz power versus frequency. The average pump power incident on DSTMS crystal is varied from 23.74 dBm to 28.99 dBm, and the corresponding peak power is varied from 108 W to 361.75 W. Compared with the solid state free-space laser pump, fiber lasers have lower peak power, however, much better spectral quality. The generated terahertz wave has a linewidth which is comparable with that of the pump light. Benefiting from the narrow bandwidth of the mode-locked fiber laser, the generated terahertz wave has a linewidth about 512 MHz. The transmission characteristics of HDPE material before the Golay cell is verified firstly. When sufficient pump power is incident on DSTMS, the generated power measured by Golay cell can be observed. Meanwhile if the DSTMS crystal is removed, we can observe that the measured power value by Golay cell becomes zero quickly. What's more, if the strong pump light beams are incident directly on the HDPE plate, the Golay cell shows a measured value of zero, which demonstrates that the HDPE plate can block light ideally. The evolution of the average power of the generated terahertz wave versus pump pulse energy is shown in Fig. 5 . The wavelengths of the signal for two curves are 1543 nm and 1545 nm respectively. Hence, the corresponding frequencies of terahertz wave are 1.748 THz Fig. 5 . Evolution of the power of the generated terahertz wave versus pump pulse energy. and 1.249 THz, respectively. According to dependence of conversion efficiency on the frequency of terahertz, the curve of the conversion efficiency has a minimum value around 1 THz and increase monotonously from 1 THz to 2 THz [24] . The black square shows the experimentally measured data and the solid and dashed line is the fitted curve. As shown in the figure, the power of terahertz wave at 1.748 THz is larger than that at 1.249 THz with the same pump power, which indicates the higher conversion efficiency at higher frequency. Terahertz power of 397 nW is obtained at 1.748 THz when the average pump power of 28.99 dBm is used. Compared with the previously reported schemes, our presented results have following advantages. Firstly, the all-fiber parametric pump light source does not need any alignment, which is always necessary in the traditional free-space solid state laser pump. The stability is guaranteed and the operation is easy. Second, benefiting from the ultra-wide gain bandwidth of FOPA, the signal and idler can have a very large frequency difference. Hence, it is potential to produce terahertz wave with very large frequency range, compared with the scheme pumped by the traditional laser source.
Conclusion
In conclusion, a narrow linewidth terahertz source based on difference frequency generation pumped by all fiber parametric light source is demonstrated. Specifically, a narrow band pump seed source based on a mode-locked fiber laser is built up using a homemade ultra-narrow bandwidth fiber Bragg grating as the intra-cavity mode restraining device. An all-fiber parametric light source is proposed to generate phase conjugated light pair as the pump seed source for the difference frequency process. The linewidth of terahertz wave as narrow as about 512 MHz is obtained. The proposed scheme provides terahertz source pumped by all-fiber light source which is compact, stable and eliminates any light path alignment.
